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PREFACE

This final report documents the procedures employed and the results ob-
tained in performing two reverse ballistic tests on half scale P-2 earth
penetrator models. These tests were performed to measure strain and accelera-
tion levels on half scale P~2 earth penetrator models for 1800 ft/s impact
with sandstone media. The two tests were identical to determine if dynamic
impact data of the type obtained was repeatable from test to test. Good data
was obtained on 95 percent of the strain gage channels and 60 percent of the
accelerometer channels for both tests. The data was highly repeatable and
agreed well with pretest predictions. The test results further verified the
reverse ballistic test technique and provided confidence that the structural
response of earth penetrators to high velocity impacts can be predicted and
measured.

The program was conducted by Avco Systems Division under Charge Order
P00001 to Contract DNAOO1-C-75-0181 for the Defense Nuclear Agency. This
work was initiated under the direction of Major T. Stong and completed under

the direction of Major D. Spangler.
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1.0 INTRODUCTION

This report describes the Reverse Ballistic Tests conducted under Task 4
of the Impact and Penetration Technology Program, Contract DNAOO1-75-C-0101-
P00001, by Avco Systems Division for the Defense Nuclear Agency (DNA).

Two series of tests were conducted. The first series consisted of tests
to demonstrate that all aspects of the proposed P-2 test approach were valid.
The second series consisted of two identical Reverse Ballistic Tests (RBT) of
two half-scale P-2 scale model earth penetrators (EP). The two P-2 test models
were designed, fabricated and instrumented by Sandia.

The objectives of the demonstration tests were:

1. Verify that the desired 1800 ft/s media projectile velocity could be

achieved in Avco's existing RBT facility.

2. Verify that the structural integrity of the sandstone media projectile
could be maintained under the acceleration loads associated with the
desired 1800 ft/s test velocity.

3. Demonstrate that the P-2 EP models could be successfully recovered
at the conclusion of testing.

4. Demonstrate that detailed photographic coverage at rates up to
14,000 frames per second could be obtained.

The demonstration tests performed to verify the above objectives are

described in detail in Section 2.0 of this report.

The objectives of the P-2 RBT's were:

1. Acquire detailed strain and acceleration data for the normal impact
case from an instrumentated P-2 scale model EP impacted by a sand-
stone projectile traveling at 1800 ft/s.

2. Verify the validity of the strain and acceleration test data acquired
during the first test by performing a second P-2 model EP RBT identical
to the first test and comparing the test data.

3. Recover the P-2 models at the conclusion of each test and return to
Sandia for detailed examination.

4, Provide detailed test data against which predictions of structural

response can be compared.

11




The details of the P-2 RBT's are presented in Section 3.0 of this report.
The results of the tests are summarized in Section 4.0.

All tests were conducted at Avco's Reverse Ballistic Test Facility located
at Otis AFB, Massachusetts. A typical test setup is shown in Figure l. As
the name implies, RBT involves ballistic tests during which the target is
impacted into the earth penetrator (EP) instead of the conventional methor
The setup consists of a 15.2-inch diameter smooth bore propellant driven
media launcher with the test EP (target) suspended directly in front of the
muzzle of the gun. The test consists of firing the media projectile at the
target projectile (EP) and recording the test data of interest during the
impact event.

Why use the RBT approach? Reverse ballistic testing is used in place of
straight ballistic tests to reduce overall costs and to improve the detail
and quality of data gathered from each test. It's principal advantage is
that significant numbers of channels of instrumentation can be "hard Lined"
to standard recording equipment, thereby eliminating the need for channel-
limited, less reliable high 'g'" telemetry systems which would be required for
straight ballistic shots.

Are tests performed in the reverse ballistic manner valid? The answer
is yes, as long as momentum exchange is minimized and until stress wave re-
flections from the free surfaces of the media projectile obscures the test
results. For the sandstone media projectile the useful test data recording
time was approximately 500 gsec and the momentum exchange during that period
for the two P-2 tests was approximately 17 of the total. Thus, the test data

is considered quite valid for the first 500 pseconds after impact.

12
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2.0 DEMONSTRATION TESTS

A series of demonstrations were performed to verify that the P-2 EP tests
could be performed as planned and all P-2 test objectives could be achieved.

It was initially hoped that the EP could be recovered from the catcher
after each test and that the media projectile could be kept out of the
catcher to minimize possible interaction and subsequent damage to the EP,
However, the deflector plate intended for this purpose shattered under high
velocity impact and had to be abandoned. Subsequent catcher modifications
worked well in capturing the EP after each test and there was no evidence
that the media projectile damaged the EP during deceleration in the catcher.

Other test objectives of demonstrating media velocities of 1800 ft/s,
sandstone media integrity and improved film coverage were achieved during
testing and provided the basis for the highly successful P-2 tests described

in Section 3.0 of this report.

Test Hardware

Two of the recovered penetrators from the Reference 1 program were used
as target projectiles. Details of these projectiles are shown in Figure 2.
For Test 3, the projectile was ballasted to a total weight of 37.9 pounds, to
achieve the same W/A as the P-2 penetrator model. The projectiles were in-
strumented with four axially oriented strain gages, installed on the OD
surface 90 degrees apart at Station 11.0.

Media projectile details (external geometry identical to the Reference 1
program configuration) are shown in Figure 3. For Tests 1 and 3, l4-inch
diameter x 9-inch long sandstone cylinders were cut from the San Ysidro
sandstone billets supplied by Waterways Experiment Station, Corps of Engi-
neers, Vicksburg, Mississippi. These cylinders were held in the aluminum
cans with a high strength concrete grout mix. The Test 2 projectile had a
4000 lb/in2 concrete media identical to that used in the Reference 1 program
as is shown in Figure 4.

The catcher details for Tests 1 and 2 are shown in Figure 5. The
catcher front consisted of a pair of 4140 steel plates positioned to form a
media projectile deflector wedge. The plates were 4' x 3' x 3"-thick. The

catcher was filled with screened sand material. Eight 4' x &' x 4' concrete

15
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blocks were positioned to provide a containment wall around the sides and rear
of the sand. Plywood yaw panels instrumented with wire screen make circuit
grids were installed in the media for determination of EP projectile position-
time histories. Two 6' x 6' x 2'"-thick steel armor plates were installed on
top of the sand to prevent escape of the EP projectiles.

For Test 3, the EP projectile catcher was redesigned based on results ob-
served in demonstration Tests 1 and 2. Catcher details are shown in Figure 6.
The catcher was filled with screened sand material with internal dimensions
increased to 20' long x 6' wide x 6' high. Soil below grade level was re-
moved to a depth of 5 feet and backfilled with screened sand. Twelve, 4' x
4' x 4' concrete blocks were positioned to provide a containment wall around
the sides and rear. The catcher top was covered with 6' x 6' steel armor
plates. Sides and top of the catcher were lined with 6 x 8-inch oak timbers
to preclude impact of the EP on the hard containment wall. A double layer of
timbers were placed at the catcher rear. For demonstration Test 3, plywood
yaw panels instrumented with wire screen make circuits were positioned on
4-foot centers in the sand media for determination of EP position-time
histories.

Instrumentation

All electrical sensor data was recorded on a wide band Ampex FR 1800H
transport. Data was recovered by real time playback onto electrenic counters
and oscilloscopes. The following signals were recorded for each of the three
demonstration tests.

1 - PCB 118 pressure gage in breech plug

2

1 - Contact switch on target projectile nose

Velocity make circuit switches at gun muzzle

5 = Yaw card grid make circuit switches

4 - Strain gages on EP model.

Photograph coverage was improved over previous tests to provide high
resolution position-time data for the EP media projectiles. A Hi-Cam high
speed motion picture camera was positioned as shown schematically in Figure 7
80 as to record target projectile position-time data after media projectile
impact. A high speed shutter was used to provide a sharp object image. The

target and media projectiles were back-lighted using a translucent diffuser

20 i
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panel, an array of approximately 20 FF-33 loag duration flash bulbs and a re-
flector panel. A sequencer was used to trigger the flash bulbs and initiate
the propellant charge at the proper time so the impact event took place during
peak illumination output of the flash bulbs.

Additionally, a Fastax high speed motion picture camera was employed to
observe the impact event and a Milliken high speed camera was employed to ob-
serve the overall test event.

Results and Discussion

Test results are summarized in Table 1.

TABLE 1. SUMMARY DNA REVERSE BALLISTIC DEMONSTRATION TESTS

Axial
Impact Impact Impact peak Peak Time

velocity velocity velocity strain model peak Angle Catcher

(probes) (camera) (avg) (avg) velocity velocity of penetration
Test Date Media (ft/s) (ft/s) (ft/s) (e ) (fe/s) (zsec)  attack (ft)
DD-1 3/30/76 Sandstone 244 - 244 700 ~200 - 0° 11.5
Db-2 3/31/76 Concrete 1767 1733 1750 ~2500 105 600 10° 4
DD-3 6/3/76 Sandstome 1720 1791 1755 3000 124 700 0° 4

For Test 1, a charge of 20 pounds of WC 870 propellant was used. Pretest
interior ballistic analyses (Figure 8) indicated that this propellant would
produce a higher velocity than previously used propellants at a given limit
breech pressure, and therefore be more suitable for achieving the desired
1800 ft/s impact velocity. Apparently, the graphite coatiné deterrent on
WC 870, retards ignition at low breech pressures (i.e., less than 30,000 1b/
inz) and consequently, the propellant failed to ignite properly, resulting in
a velocity of only 244 ft/s.

For Tests 2 and 3, the propellant was changed to 18 pounds of IMR 4895
(Figure 9 analysis) resulting in respective 1750 and 1755 ft/s impact
velocities. Breech pressures were 12,000 and 15,000 lb/in2 for the 2 tests,
being slightly above nominal operating pressure but well below a level which
would produce gun barrel yielding or failure. These results indicated that
the desired 1800 ft/s velocity could be achieved for the P-2 tests with the
existing gun launch facility.

As indicated previously, a back-lighting panel and additional high speed

motion pictures cameras were added to provide EP model positive vs. time data,
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Figure 8. Fifteen inch gun ballistics parameters for 160 pound projectiles.
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and also to provide higher resolution back up impact velocity data. Figures
10 and 11 show motion of the EP model base for Tests 2 and 3, respectively.
For both tests, motion could be followed for approximately 1 millisecond
after impact at which time the EP model was completely masked by concrete or
sandstone debris. The quality of the high speed film coverage substantiated
the back-lighting technique and provided the tool necessary to measure
momentum transfer during the P-2 tests. Inspection of the films indicated
that both the concrete media in Test 2 and the sandstone media in Test 3
showed no evidence of failure as a result of gun launch environments. The 0D
surface of the media projectile did not expand significantly or fracture until
approximately 500 to 600 microseconds after impact.

As noted previously there were four strain gages on each of the demonstra-
tion projectiles and they were applied to the external surface in the axial di-
rection at Station 11.0 at 0°, 90°, 180° and 270°. Strain vs. time data for the
three tests are shown in Figures 12 through l4. As expected, strains in Test
1 were low level as a result of the low impact velocity. Average peak axial
strains for Tests 2 and 3 were 2000 to 3000 microstrain, which are consistent
with the data obtained in the Reference 1 program. If fracture of the media
had occurred prior to impact, these peak levels would likely have been signifi-
cantly lower. Thus both the film coverage and the strain data provided con-
fidence that the sandstone media integrity was maintained during launch.

Data showing EP model position vs. time in the catcher are shown in Figures
15 through 17 for Tests 1 and 2. In Test 1 the EP did not fully penetrate the
media projectile and achieved a peak velocity of approximately 200 ft/s. The
EP entered the catcher tail first and penetrated to a depth of 11.5 feet,
maintaining a nearly straight line trajectory with minimal angle of attack.

In Test 2 the EP had a 10-degree nose down angle of attack and was
driven aft and down. The EP nose impacted the concrete slab, causing some
bending of the EP body, and the EP subsequently entered the catcher penetra-
ting to a depth of approximately 4 feet as shown in Figure 17. Impact of the
media projectile destroyed the 3 inch thick 4140 deflector plates. Pretest
and post-test photos of the plates are shown in Figures 18 and 19, respectively.

In Test 3 the EP model penetrated approximately 4 feet with the EP model
final position near the trajectory centerline and turned approximately 90

degrees. No permanent bending of the EP model was detected.
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3.0 REVERSE BALLISTIC TESTS - P-2 PENETRATOR

The identical RBT's of half-scale P-2 EP models were performed. The
models were impacted with sandstone media projectiles traveling at approxi-
mately 1800 ft/s. The EP's were oriented normal to the media proje:tiles for
both tests. A total of 36 strain gages and 5 accelerometers were monitored
on each test.

All test objectives were achieved in that extensive detailed strain and
acceleration data was recorded on both tests; the data acquired on both tests
was comparable and closely approximated pretest predictions. The EP's were
recovered intact after each test.

Valid test data was acquired from 95 percent of the strain gages and 60
percent of the accelerometer channels for both tests. Excellent photographic
coverage was acquired from both tests permitting accurate assessments of mo-
mentum transfer from the media projectile to the target EP. The catcher
functioned as designed by capturing both EP's after testing without inducing
significant damage.

Test Hardware

Two earth penetrator scale models were fabricated and instrumented by
Sandia, Albuquerque. Details and instrumentation locations are described in
Sandia Drawing S17186. (See Figure 20.) Overall dimensions for the models
are: length 32.0 inches, base diameter 3.35 inches, and weight 47.23 pounds.
Each model was instrumented with 36 strain gages, 5 piezo-resistive accelerom-
eters and two passive accelerometers. Locations of the active sensors are
listed in Table 2 and Figure 20.

The sandstone media projectile details are presented in Figure 21.
Fourteen-inch diameter by nine-inch long San Ysidro sandstone cylinders were
cut from billets supplied by Waterways Experiment Station, Corps of iingineers,
Vicksburg, Mississippi. The space between the cylinder 0.D. and aluminum wall
I1.D. was filled with a 4000 1b/in2 concrete grout mix. A l-inch thick dry
sand shock cushion separated the sandstone cylinder base from tbe 1.5-inch
thick aluminum projectile base.

The EP projectile catcher details are shown in Figure 22. The catcher

was filled with screened sand material and had internal dimensions of
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20" x 6' x 6'. Soil below grade level was removed to a depth of 5 feet and
backfilled with screened sand. Sides and top of the catcher were lined with
railroad ties to prevent impact of the EP on a hard media surface. A double
layer of ties were placed at the rear of the catcher. Twelve 4' x 4' x 4!
concrete blocks were positioned to provide a containment wall around the sides
and rear. The catcher top was covered with 6' x 6' steel armor plates. Ply-
wood yaw panels (10 ea.) were used to determine the EP trajectory in the
catcher.

A powder charge of 1 pound FFG black powder primer and 18 pounds of IMR
4895 rifle powder encased in an 8-inch howitzer powder bag was used for both
tests. A chamber volume of 2180 in3 was used to obtain a nominal velocity of
1800 ft/s at a nominal breech pressure of 13,000 1b/in2.

An overall view of the 15.2-inch smoothbore reverse ballistic gun facility
is shown in Figure 23. Principal components include a 10 foot long barrel
section and a separate recoiling breech section. Although the EP model was
supported by the barrel section (as shown in Figure 24) perturbation of the
model was negligible because the barrel section does not move during the
duration of the impact event. This is confirmed by test films.

The following quantities were measured for the two tests:

1. Axial and hoop strain at 18 locations inside the EP and 18 locations

on the outer shell (36 strain gages at 8 stations).

2. Axial acceleration and shock (5 piezoresistive accelerometers and 2

passive accelerometers).

3. Gun breech pressure (PCB piezo-electric pressure transducer).

4, Velocity of the sandstone media projectile (three make circuit

switches and high speed motion picture cameras).

5. Time of impact (1 make circuit).

A schematic of the EP model is shown in Figure 20. Sensor locations are
listed in Table 2 and Figure 20, The EP model was instrumented by Sandia,
Albuquerque, N.M. with 36 foil strain gages (BLH FAE-06-12S6-ELl) having
integral Teflon coated AWG 32 leads about four feet long. Five Endevco type
2264-50K~R piezoresistive shock accelerometers were mounted at various

locations. These accelerometers have a measuring range of *+50,000 g and a
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useful frequency response from dc to 30 kHz. The nominal mounted resonant
frequency is 180 kiz.

Because of the large number of data channels required, two lé4-track
magnetic tape recorders were used. All strain and accelerometer data were
recorded on an Ampex FR-1800H recorder, while velocity, impact time and gun
breech pressure were recorded on an Ampex DAS-100 system (FR-1300).

The FR-1800H recorder has 14 tracks of direct record capability having a
frequency response of 400 Hz to 1500 kHz. Forty FM record channels were
frequency multiplexed onto the first eight tracks of the FR-1800H recorder.
Each strain gage signal (resistance variations converted to proportional vol-
tage changes) modulated a voltage controlled oscillator (VCO) to provide a
deviation of the center carrier frequency proportional to the amplitude of the
signal, The outputs of five VCO's were combined to form a composite FM
multiplex suitable for recording five channels of strain data onto one track
of the magnetic tape recorder. The multiplexed signal, when reproduced from
the tape recorder, is passed through an FM Demultiplex System which separates
the various carriers, demodulates the selected channels, amplifies and shapes
the resultant output so that it accurately reproduces the original signal.
The bandwidth of each data channel is determined primarily by the reproduce
filter bandwidth of the demodulator.

A dc to 32 kHz (3dB) bandwidth having a signal-to-noise (S/N) ratio
better than 35 dB is available. This bandwidth can be reduced to 20 kHz to in-
crease the S/N ratio if the data frequency permits. Both constant amplitude
and linear phase filters are available to faithfully reproduce complex as
well as sinusoidal type signals.

Twenty multiplexed channels accept low level analog voltages. Ranges of
+5 mV P-P to 10 volt P-P are switch selectable. The remaining 20 channels
accept inputs from 500 mV P-P to 2 volts P-P. These units require pre-ampli-
fication of the low millivolt strain signals. Preston type 8300 XWB and Neff
type 110A differential floating input amplifiers having a 3 dB bandwidth of
dc to 100 kHz were used for signal amplification. Strain gage data signal
lines, and the conditioning unit, were designed to provide a bandwidth

commensurate with the record/reproduce capabilities.
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A block diagram of the strain and acceleration data acquistion system is
shown in Figure 25. Typical strain and accelerometer channels are shown in
Figures 26 and 27. The scheme for reproducing data is shown in Figure 28.

The typical resultant system bandwidth from input to output was measured
and is provided in Figures 29 through 34,

Accelerometer outputs were transmitted directly into a wideband VCO
having a dc to 500 kHz record bandwidth. Line equalization was provided in
the VCO input to broaden the frequency response capabilities of the data
lines. The high impedance of the accelerometers and line reactance combined
to reduce the 3 dB bandwidth to about 15 kHz. Line equalization increased
bandwidth to about 25 kHz. The equalized system end to end response for a
typical accelerometer channel is shown in Figure 34. Accelerometer data
presented in this report was reproduced via a 32 kHz filter to reduce high
frequency noise and accelerometer ringing.

Gun breech pressure, make circuit outputs for velocity and impact and an
IRIG time base were recorded on a DAS-100 (FR 1300) magnetic tape recorder
having a record/reproduce bandwidth of dc to 20 kHz.

The entire data acquisition system, with the exception of the condition-
ing unit and connecting cables, was contained and controlled from an instru-
mentation van located approximately 150 feet from the reverse ballistic gun.
The van (Figure 35) was protected from shock and debris by an earth berm.

Photographic coverage provided high resolution position-time data for
the target and media projectiles. Camera positions are shown in Figure 36.

A Hi-Cam high speed motion picture camera (16,000 fps, 8mm) was positioned
normal to the trajectory centerline to record P-2 position-time data. A high
speed shutter was used to provide a sharp object image. The target and media
projectiles were back-lighted using a reflector and an array of FF-33 long
duration flash bulbs. A sequencer synchronized camera operation, flash bulb
triggering and gun firing.

Additionally, a Fastax high speed motion picture camera (5,000 fps, 16mm)
was employed to observe the impact event. A Milliken high speed framing

camera (400 fps, 16mm) was used to observe the overall test event.
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Figure 29. End to end system response — accelerometer 1 line with 120 ohm source impedance.
51




HP204B : LINE )
750 OHM 6% 51(\)11;1; %EQUALIZE}JL.{ GOV-100 l_]

SOURCE | 510 OHM| | 640 KHz |
l FR-1800 GFD-100 32 KHy | T SCOPE, "G" ]
TRK #1 DEMOD FILTER | » : P.I., CAMERA |
L £ H
100 H, 5.80 P.P.(REF) 1 KH, 5.80 P.P. (-0%)
T
Y
P
C
c
A
L
A 1 v/CcM 0.2 MS/CM
C
C
E 15 KH, 5.62 P.P.(-3.1%)
L
E
R
0]
M
E
T
E
R
c
H
1 v/cM 204 s/em A 1 v/CM 20y s/cM
N
20 KHg 5.18 P.P.(-10.7%) N 30 KHg 3.42 P.P. (-41%)
E
| ' EEEEEEEEE
 ENEE
E Z
S
P
0]
N
s
E
MUX
1 v/CM loYs/cm ( ) 1 v/cM SL(S/CM

B6-2759

Figure 30. End to end system response — accelerometer 1 line with 750 ohm source
and equalized line {51 ohm load).
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Test Procedure

A schematic of the test setup is shown in Figure 24, The EP model was
suspended from an expendable wooden support by two rubber covered AWG 18 wires.
Yaw and lateral sway was prevented by additional wires between the EP and other
wooden projections attached to the bottom of the gun barrel. (See Figure 37.)
The model was aligned with the gun centerline to obtain less than *1/4 degree
alignment error. Lateral alignment was accomplished using a straight edge
and vertical alignment by a precision gunners quadrant.

Velocity probes (three normally open make switches) were attached to a
steel beam clamped to the barrel. A thin foil contact switch was taped to
the EP model nose to provide an impact event signal.

Instrumentation leads from the EP projectile were connected to a barrier
terminal trip attached to the wooden EP support arm. Shielded twisted pair
wires, contained in a multipair cable about 25-feet long, completed the con-
nection between strain gages/accelerometers and the signal conditioning unit.

After loading the media projectile in the gun, the data acquisition
system was checked to determine proper operation. Strain and acceleration
ranges were set as shown in Table 2, Strain gage bridges were balanced for
zero voltage output. Simulated compression strain calibration signals were
generated and recorded by shunting known resistances across each strain gage.

The following steps were included in the final countdown and firing
sequence.

1. Check firing line for continuity.

2, Turn on tape recorder and verify proper operation.

3. Connect firing line to sequencer box.

4, Start high speed motion picture cameras.

5. When the primary camera is at the proper speed a camera operated
switch completes a circuit in the sequencer box to start a timer and
apply power to flash bulbs. After a preset timer delay, to allow the
flash bulbs to reach peak illumination, the sequencer automatically
fires the gun.

Following the test, the catcher was disassembled to recover the EP model.

Strain and accelerometer data was reproduced on site by playback into an

oscilloscope equipped with a Polaroid camera.
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Test Results and Discussion

Test results are summarized in Tables 3 through 7.

The first test (Model PPSA-1) was conducted at a normal impact, i.e., the
media projectile centerline and trajectory was coincident with the longitudinal
axis of the EP. The sandstone media projectile velocity was measured to be
1927 ft/s by both electrical circuits and film data. Analysis of the film
data indicated that the sandstone integrity was maintained up to the time of
impact. The EP penetrated the sandstone and aluminum base with no observed
change in its angle of attack. Plots describing motion of the media projectile
and the EP model base are shown in Figures 38 and 39, respectively. A post
test photograph of the PPSA-1 model is shown in Figure 40. Final position of
the EP model indicated penetration into less than four feet of sand. (See
Figure 41.) Gun breech pressure for this test was measured to be 13,500 1b/in2

peak.

TABLE 3. TEST SUMMARY

Test 1 Test 2 Predicted
Impact velocity (ft/s) 1927 1766 1800
Strain gage reliability 957% 957%
Avg axial strain, kpue 3o 24, 2.3
Accelerometer reliability 60% 60%
Avg axial acceleration, kg 12.8 12.0 W22 52

Propellant was loaded into the gun and the gun was prepared for

firing.

The second test (Model PPSA-2) was also conducted at a normal impact atti-
tude. The sandstone media projectile velocity was measured to be 1760 ft/s by
film data (redundant cameras). No electrical velocity or breech pressure data
was obtained due to malfunction of the DAS-100 tape recorder. Film analysis
again showed that the sandstone media maintained its integrity and that there

was no observable buildup in the angle of attack. Plots describing motion of
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TABLE 4, EVENTS — TEST 1

Impact
Impact
Impact
Impact

Impact

to
to
to
to

to

contact Al can base

envelopment
envelopment
envelopment

envelopment

sta 4
sta 9
sta 19.5
sta 32

0.433
0.173
0.350
0.846
1.666

ms

ms

ms

ms

ms

TABLE 5. COMPARISON OF STRAIN DATA — AXIAL

Peak Peak Peak
avg axial avg axial predicted
Station Location Ke test 1 Ke test 2 Ke
9.0 ID can -5.8 -6.2 -4.8
12.0 Payload -1.9 -1.8 -1.4
16.0 OD pot -8.1 -5.2 =5.2
19.5 ID can -~5.5 =50 22 -6.3
26.25 Payload -1.6 -1.0 =Ll
27.3 ID payload -0.3 -0.3 -0.4
31.5 ID can ? ¥ -0.06
4.0 OD shell -2,2 -2.4 -2.3
9.0 OD shell -2.3 -2.2 -2.0
19.5 OD shell ~1.8 =L, 7 -1.6
27.3 OD shell ~1.0 -1.0 -0.9
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TABLE 6. COMPARISON OF STRAIN DATA — HOOP

Peak Peak Peak
avg hoop avg axial predicted
Station Location ke test 1 ke test 2 ke
19.5 ID can +0.8 +1.2 +1.2
4.0 0D shell +0.8 +1.0 N/A
9.0 0D shell +0.7 +0.6 +0.6
19.5 0D shell +0.6 +0.7 +0.5
TABLE 7. COMPARISON OF ACCELEROMETER DATA
Peak axial Peak axial Peak axial
accel. accel. predicted
Station test 1 test 2 accel.
kg kg kg
7022 10 - 12
14.75 - 11 12
19.5 13.5 9 9
27.8 - 16 12
32.0 15 - 16
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the media projectile and EP model base are shown in Figures 42 and 43
respectively. Post test photographs of the EP model catcher and media projec-
tile base are shown in Figures 44 through 47. Final position of the EP model
indicated penetration into less than four feet of sand as shown in the Figure
48 schematic.

Strain gage, accelerometer, breech pressure and electrical velocity data
for test 1 are presented in Figures 49 through 59. Strain gage and accelerom-
eter data for test 2 are presented in Figures 60 through 70. Additional
photographs of the two tests are shown in Figures 71 and 72.

Strain data was recovered from 68 of 72 gages installed (95%). Three
strain gages (18H and 20A Test 1 and 11 Test 2) were shorted before test,
probably due to shorted lead wires, and one (18H Test 2) produced no sensible
response.

Reasonable data was recorded for 6 of 10 accelerometers installed. Mal-
functioning of one accelerometer conditioning channel resulted in failure to
obtain data from accelerometer A-4 of Test 1. The others (A-2 Test 1, A-1
Test 2 and A-5 Test 2) apparently failed at impact and did not respond in a
sensible manner.

In general, the quality of data obtained was excellent for this type of
test. Frequency response (see Figures 32 through 35) was essentially flat
to approximately 10 kHz and down approximately 3 dB at 30 kHa. Observed
strain and accelerometer response frequencies were in general substantially
lower than full bandwidth (i.e., approximately 6 kHz or lower). Data,
therefore, was well within the system response limits wherein signal amplitude
and phase are accurately reproduced.

Basic FM noise level was typically 2 percent rms or 8 percent (P-P) of
band edge. (See Table 3.) In some cases transients induced relatively minor
noise like responses 200 to 400 microseconds before impact (i.e., gage S-6,
Test 1). This is believed to be caused by thermal and mechanical effects of
the pressure wave preceeding the media projectile on the small (0.008-inch
diameter) strain gage leads, or electrical effects due to gas ionization.

The data obtained is credible for a limited time period as indicated in

Table 4. For example, gages on the outside at Station 4 get enveloped and
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Figure 42. P2-2 projectile velocity.
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Figure 43. P2—2, responding movement of target vehicle to projectile.
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Figure 46. Model PPSA—2 post test condition and media projectile aluminum base.

e e ——




‘Z 159 13}48 UORIPUOD JaYde] Ly aunbiy

‘. e ;\\T.. \ll

‘....u \ AT E o
- . ..L...._t,g W wJ?{ .___a.‘ww J..wﬁ ? o ,.

74




"uonisod [euly 3sal 3sod [apow Z—VSdd -~ Z 3L "8p anbig

¢ P ICCTO T Py, A g o -
* eov o s3sroU0) N " a5
' n Q Q0 0 O - o & 3 & = a a 2 @
T e
T # M3TA °PTS
-VN
Z—-¥sdd
L, % et | | —_
||"-.r’.r .—
\\ N
3xoddng |\
aTqeD/ToPOW

19 X 7 X ..m\m

L4298

\w oST¥

Toued mex

poomATd
Te213I9A

4\
Taued mex - d
CosRRES MaTA dog
— WP | < W7 == .'-_ |
¢-vsdd |
e sk e, . > _
L f.;,ﬁoﬂ :
]
< _F._m =pe _
\\\ \ pues
/ e (BT S e
~
uno

75




*(9£-92-8) L—VSdd 1531 d1isi||eq assana1 YNQ "6 @anbiy

LLLT98
2,/Shooz wo/3 hoooz

o NOTLOTNIC
wo wo : ;
s hooz 2hoooz NOTSsmiawoo  @2/S hooz ws,/9h 000z

=0

o006 ® 6 VLS Z-s# "9°s

ZHY Z€ O3 °*D°d SVM HILAIMANVE 3DNA0OMdIM/qi0D3H
"T# H90¥d ALIDOTIA NO QIYIOOIUL SIOVAL TIV

76

o mesem——— Y



'(9£-92-8) L—VSdd 1531 13s)jjeq asianal yNQ ‘0§ 34nbi4

5/ 9h oooz

NOTLOTUI s
NOISSHIdWOO m
- 0 HH
3
4
:
F
Z¢€ 0L °"O0°d SYM HILAIMANVE JOoNqodddyd, @Ioodd

"T# d9d0O¥d XLIDOTIA NO QIYIOSTHL SIOWEL TIV

-+

8LL798

77

-



"(9£-9Z-8) L—V'Sdd 1591 1sl|[eq as43A01 YNQG ‘LG 8inbl4

wo/ S h 00z wd/ 3 h oov wa/ g h 002

(Yaptmpued
ZHA 02)
o08T @ ¢°'6T "VWiS HOTI-S# °9O°S o081 ® G°6T °VIS
wo/ § N 0oz wo/3h 000T wo/S h 002
NOILOTYIA
NOISSTUdWOD
(yaptmpued .
ZHM02)
o0 @. S°6T VLS H6-S# "9°S 00 ® G°6T VIS

J3ILVOIANTI ISIMYIHLO SSITINN
ZHM Z€ Ol °"2°a SYM HIAIMANVE FONAO¥d I¥/QV0O0TH

6LL298

wo/ 3 h 0002

VOT-S#

95E

wo/ 3h 000z

78

s —




AN

wo/

ol8T ®

"_ s _. ___J

1

wddase d WAL LT
o0 @ £°LZ ‘WIS

shooz

GZ°9Z YIS

"(9£-92-8) L—VSdd 1531 dnsijjeq as1anal YNQ "Z§ 24nbi4

.

wo/3h00S wo/S h 0o

0
; ) | i L. | %
PT-S# S IHEIS o0 ® €°LZ °WiS
wo/ 9hoos wo /S h 002
NOTIIOZYIA
NOISSTUIWOD
D ._.:_..-.*._
f]
_ |
_
!
| m {
ZT-S# °"9o°'s 00 ® 62°9Z °¥iS

ZHX Z2€ OL °O°d SVYM HIAIMANVE IDNA0AdTA/AJ00Td

“T# FE0¥d ALIDOTIA NO QI¥IOOI™UL STOVAL TIV

wo/3 hoog

-+

€T-S# "9°s

wd/ 35 000T

79

e




: 00 b |
| 1 | |
[ |

"(9£-92-8) L—VSdd 1531 9nstjjeq as1anal YNQ ‘€S 8inbiy

18£2-98

wo/ S h 0oz

wo/3h 0001 wo/ 3hooot

I

YLT-S#

4D S

80

wo/3h00S

NOILOHHIA

R N

o0 ® S°IE "¥iS

S1-S#

HOEIS

ZHY Z¢ Ok

“0°d SYM HIQIMANVd IONA0UdTY/AY0DIH

‘T# 390dd ALIDOTIA NO QIYIOOTIL SIOVAL TIV

-

=




'(9£-92-8) L—VSdd 1591 ansijjeq 8s4anas YNQ ‘pG 24nbiy
Z8L798
ws/Gh ooz wo/3h 000T

B

= 0
00 ® 6 WIS Y6T# °9°S
ws,/§ b 002 wo/3h 0001
NOILOIFIA
NOISSTIAWOO
ISAL TJ0a349 -
ALAOHS TOYD NITULS
v.L¥d ON
008T ® ¥ WIS HBT#H# *H*S 7Dma ® b "VIS

ZHY Z€ OL °O°d S¥YM HIAIMANVE IONA0MdITV/QV0DIT™A

“T# I90dd ALIDOTIA NO QINIOOIAUL STOWVAL TIV

81

-

e e




wo /s h 00z

tr

g
—+
+
-
¥
-+
T
T
]
-~
-

'(9£-92-8) L—V'Sdd 3581 2nsl||eq as1andl YNQ "GG a4nbly

£8L7-98

wo/S ooz wo/3h 0001

ZHM Z€ OL °"O°d SYM HIAIMANYE JONAOUdTW/AV00ITY

T# J90¥d ALIDOTIA NO dIYIOOT™UL SIOVAL TIV

o08T @ 6 "WIS YIZ-S4 °9°S
NOILOI¥IA
NOISSITudWOD
5S3aL Fyodad
—1 daLYOHS TOYO NIVILS
Y1¥d ON
006 ® 6 °¥IS Y0Z-S# °9°S

82

e




(U3pTMmpueg
ZHMO0Z)

(9£-92-8) L—VSdd 1591 IsHi[eq as13A31 YNQ "9G bl
veLz 98
wo/Shooz wo/3h 0001

AR
H —
f |

] Y

WS AN

Hez# *9°8 00 ® G'6T WIS VEZ# 'O'S

wo/3h00s

NOTILOI™IA
NOISSIudWOD

QILYOIANI JFSIMITHIO SSITINA
2HYM g€ OL 07 SYM HLAIMANYE JIONAOUdITY/TH0OT™

"T# FE0¥d ALIOOTIA NO QIUIOOIUL SIOVHL TIV

83



"(9£-9Z-8) L—VSdd 1581 9isi||eq 8si8A81 YNQ LG 94nbly
G8LT-98

wo/Sh 00z wo/3 h 000T wo/S h 002 wo/3N 006

008T ® €£°LZ "¥IS 94  "9°S g0 @ €742 "8 St#  "9°S

wo/§h 00z wo/3h 005 NOILOIWIA ws/$h 002 wo/3h 000T

,.__:_:_1;:+,I+_, ¢

|

o08T ® S*6T °“WIS *9°g

ZHM ZE€ OL “D°d SYM HIAIMANVE TONAO¥dT¥/qH0I0TY

"T# dF390¥d ALIDOTHA NO I¥IOOIEL SHDYAL TIV

84




(9£:92-8) L—VSdd 1591 ousi(jeq 8s1aAd1 NG "8G 3inbig 98.2°98

)

e

NOILOFIHIA
NOILYHITIDOVY

H
I
e
T
2
 ;
— 1
YT “9YIs Z-Y# DOV¥

ZHMZE OL "O°d SYM HLAIMANVE IDNQ0ud I¥/aM0D2IH

“T# J90Ud ALIDOTIA NO dIYIOOINUL SAODVIL TIV

85




*(94-92-8) L—VSdd 353 d1slfleq 8s19A31 YNQ "6G 24nbig
181298
wo/shoot WD/A & WO/Sh 00T

WD/A G°0

\lTlIllIlll..lll.llmulﬂJ.
N E R EECEEoEEEEREDE

(4FOOTHEL T# TIA)

c# TIA (Y999T3L T# TIA) ZH# TIA
ALIAVTOd

IATIISOd
Wo/sh 001

Wo/sug WO/ISd 000%

+
b

(4F99THL JTdS

~
s
o3
[
>

FYNSS3ud HOIAWE NNO

“Sdd 0¥81 = LOVAWI IV AILIDOTIA ° (HIAIMANVH
ZHM0OZ - °O0°Q) 00T-S¥d NO @ionaoddi¥y/aiagdoddy Yivad TIY

86




"(9£-6"6) 2—VSdd 158l dusi||eq 9s13ral YNQ "09 34nbi4

88L798

wo/s M 00z wo/3h 0007 w>/s b 002 EU\w} 0002

444

=

c0LZ ® 6 WLS -5 # °D°S oowa ©® 6 VLS €-S # °"9O°s

uoT3Ida ITAd
uot sso 2dwod wo/sh ooz wo/3} 000z

wo/s) 00Z wo/ 94 0002

06 ® 6 YIS Z-S # "9°'s ) =3 340
e o0 @ 6 Yls T-S # '9°S

ZHM z€ OL D00 SYM HILQIMANVE JoNdodddayd/qdodaA
TT# JEOdd ALIDOTIA NO QI¥IODIWL SIOVHL TIY

-0 i WETS FWRTu TR h —o

87




"(92-6-6) Z—VSdd 1533 anst|leq assanal YNQ LY ainbry

68298

u .W& 0002 EU\:AVV 002 EU\w\w 0002

Ah] |||h.:. e
08T ® ZT YIS 9-S # °9°'s

ZHY g€ OL Od SYM HIAIMANVE FONA0¥dId/qY0OdY
T# d90¥d ALIDOTIA NO gIYIOOIYUL SHOVIL TIV

88




ZHMI
#

"(94:6°6) 2—VSdd 153l a1 |jeq asiaAal YNQ ‘29 @inbiy

wo/34 000T

ucT3IDAITd
uorssaixduo)

EUmW¥ 000T wo/sh 00z

¢¢€ Ol O SYM HLAIMANVYE HONAOdddId/qd0DTY
J90¥d ALIDOTIA NO I¥YIADODIUL SIOVML TIY

¥
T
-

b4

B

w Uw\u 0002

89




(9£-6-6) Z—VSdd 158 dusi||eq 8sianal YNQ ‘€9 ainbig

Eo\mr 002 Eo\w& 005 Eu\m¥ 00z EU\\{U 006

oo

|
_

oo ® €°Lz YIS €1-S # '9°S

uoT3oaITa
uotssaadwo)d

16£2-98

“@IATIOTY

NIHM 3ISVYD FTILOIL0¥d

OL QdLIOHS °*9°S ’'¥WIL¥d ON

ZHY Z€ OL Od SYM HIAIMANYY FONQ0ddd¥/dd0d3d
T# 3FH0¥d ALIDOTIA NO dIJIOOIWL SIOVAL TIV

90




"(9£-6:6) Z—VSdd ¥sa1 ansl|jeq 3sian3l YNQ "9 a:nbly
z6L2-98

wo/sh 00z wo/3h 0001 wo/sh 00z wo/3) 0001

o0 ® b YIS V¥LI-S # °"9°S

uoT302ITd
uotssaadwod

wo/sh 00z ws/3h 006 wo/sh 00z wo/9h 005

91

I+
1
3
+
ml
ol
3
4
n

oo ® S°TE ¥LS SI-S # "9°S

ZHM z€ OL O SYM HIAIMANYd HONAOUdIU/AY0OTH
T# HE0¥d ALIDOTIA NO I¥YIOOI¥L SHOWIL TIV



wo /s Md 00¢ . ;W\u 00%

wo/s \v 002 EU\W} 000T

0081

"(9£-6-6) Z—VSdd 51 ds1|[eq asiaAal YNQ 'GY a4nbi4

€6L2-98

e bEE H e +¥% 1 0
0 { f

ﬁ
|
|

® 6 YIS H6T-S # "9°S oo ® 6 VLS ¥eI-S # "D°S

AN

uoT3daITJg

COHWWOHQEOU EU\WJ\N 002 wo / wv 000T

| Fi

v YIS HBT-S # "9°S o0BT ® ¥ WIS V¥BT-S S SRS

ZHM z€ OL Od SYM HLAIMANYE JDONJ0¥dTd/@I00dd
T# 390dd ALIOOTIA NO qIYIOOIUL SIOVAL TIVY

92




"(9£-66) Z—VSdd 181 ous1j|eq as1anal) NG "99 aunbig

$6L2-98
Eo\w\q 002 wo, W\v 000T

|
|
|

A

I

_

|
v 7 |
= T .
7..-‘__..h._ﬁ+ 4¢+¢W1 L 0
|

uoT309ITQ
uotssaaduwo)d

ws/sh 00z ws/34 00s wo/sM 002 wo/ 91 0001

ZHYZE OL Od SYM HLAIMANVE IONJOUdIY/AJ00TA
T# Id0¥d ALIDOTIA NO @IYIODOIVL SITOVIL TIV

93




wo /s y 00¢

00 ® G767 YIS

wa/sh 00z

*(9£-6-6) Z—V'Sdd 159 2nsI|[eq 3s19A01 YNQ “L9 24nb1g
S6.2-98

wo/34 0001 wo /s 100z wo/ 3} 000T

SURSBENL SREE b

HEz-S # "9°S

94

uoT 3903 XTd
uot ssaadwo)

wd / wr 000T

JOLZ © 6 WIS ¥zz-S # '9°S

ZHY Z¢€ OL DA SYM HIAIMANYd IONA0¥YdTH/qJ003d
T# Id0¥d ALIDOTIA NO TIYIODIYL SIOVHL TIV




"(9£-6°6) 2—V'Sdd 353 d13si||eq 9513Aa1 YNQ 89 @4nbig

wd/s b 00z wo/3h000T wo/s } 002

964298

wo/9h 000T

o08T ® £°LZ VYIS e e o0 ® £€°LC YIS GZ-S # "9°S

uot3oaatd
uoT ssaaduo)

wo/s b 00z wo/ 3A 000T ws/s A 00z

| 11 | __.

,08T ® S°6T WIS HpZ-S # "9°S

008T ® G°6T YL

ZHYM Z2€ OL Od SVYM HIAIMANVE IONAOUdTH/qy0day
T# d90¥d ALIDOTIA NO QIAYIOOTIYL SAOWAL TIV

wo/ 3h 000t

95




"(9£-6-6) 2—VSdd 1531 onsljeq asiana) yNG 69 84nbig

L6L2-98

-+

e S

ol

T30811Q 06 @ G'6T VLS €£-¥ # DOV

HoTIeIaTLo0y

wo/s h o Z wo /by g

|
® tT VLS 2-Y # 00V ® L WIS T-Y # OOV

ZHY Z€ OL OQ SYM HIAIMANVYYE 3ONA0¥dIV/qH0OITY
T# d90¥d ALIDOTIA NO dIYIOOIVL SIAOVAL TIV

96




(9£-6-6) Z—Sdd 1521 dnsijjeq asianal YN 0L 24nbiy

8642-98

Eo\mhqoom wo/6M 02

uoT305311d
UCT3eIdT900VY

0

ZEMZE-0d SYM HIAIMANVE FDA00¥dT¥/qd00dd
T# 990¥d ALIDOTIA NO QIYIOOIUL FOVHL

9




dn3as unb o13s1jeq 9519A) PUR [9POW | —\YSdd — L 3581 "LZ ainbBig

98




“dnjes 159 | —VSdd [opow ~ | 1591 "ZL eanbyy

; . rll!fft,.* ...l/ e s
N\ - i
* ‘ e m
.‘- ‘ ﬁ.‘._w ._l... ; o o —




damaged approximately 0.2 millisecond after impact. Second, the media only
acts in a semi-infinite nature for approximately 0.5 millisecond, at which
time the media projectile aluminum base plate impacts the EP nose. Internal
gages in general do not fail until the leads coming out of the aft end of the
model are damaged by debris about 1 millisecond after impact.

Data was recovered by playback onto an oscilloscope equipped with a
Polaroid camera. The scope was triggered by the first velocity probe output.
Time of impact can be related to each data trace by using the corrections
listed in the last two columns of Table 2, Times vary for the same test due
to static skew and gap scatter variations in the tape transport head geometry.

Values of peak axial strain, peak hoop strain and peak acceleration for
the two tests and pretest predictions are listed in Tables 5, 6, and 7. For
cases where there was more than one strain gage at a given station, peak
strain was averaged. Peak predicted strain is the average of all credible
pretest predictions.

Table 5 (axial strain) shows that there is good correlation of peak
values from test-to-test and from test-to-prediction, particularly for gages
on the EP shell. Correlation of hoop strain levels (Table 6) was also rea-
sonable although data was more difficult to interpret due to lower signal and
higher relative noise levels. Correlation of accelerometer peak levels
(Table 7) is also reasonable. Correlations of strain and accelerometer time
histories with predictions for a few selected typical cases are shown in
Figures 73, 74 and 75. 1In general, such correlation was good for approxi-
mately 0.3 to 0.6 millisecond after impact.

In summary, test performance, quality of data, correlation of data, etc.
was excellent. Return of strain gage data was 95% for both tests which is a
very high return rate for tests of this nature. Return of accelerometer data
was 607 with reasonable data being obtained from all five locations on at

least one test.
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Figure 73. DNA reverse ballistic test PPSA—2 (9-9-76).
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4.0 SUMMARY

The results of the demonstration tests provided confidence that all P-2
test objectives would be met. Media integrity and velocity, improved film
coverage and projectile recovery were all successfully demonstrated.

As a result of the demonstration test approach together with careful
planning, the P-2 RBT's were highly successful. Desired test velocities,
in the 1800 ft/s range, were achieved. Excellent film coverage was obtained
which permitted detailed determination of both the EP and media motion with
time during the critical period at and just after impact. This data is
presented in Figures 38, 39, 42 and 43. The momentum exchange can be cal-
culated by figuring the EP velocity from the slopes of the appropriate curves
(Figures 39 or 43). From Figure 39 the EP velocity is calculated at 104 ft/s.
Because the EP weighs 47 pounds the momentum of the EP after impact for P-2
Test 1 equaled 152 pound-seconds. The momentum of the media projectile is 9575
pound-seconds at a 1927 ft/s velocity. Therefeore the momentum exchange was
only 1.6 percent of the momentum available. This verifies the velocity of the
RBT approach for the P-2 application.

The amount and quality of the data acquired on both tests was remarkable.
Table 3 summarizes the data acquisition and provides a gross comparison of
the measured and predicted data. More detailed comparisons of measured and
predicted strains and accelerations are presented in Tables 5, 6 and 7. The
test data compared well both with pretest predictions and from test-to-test
as seen in the tables. The high retrieval rate, quality and repeatability
of the test data for high velocity impact conditions is unprecedented and
serves to substantiate the value of the RBT technique. The excellent com-
parison between the measured dagy and the pretest predictions serves to
validate existing analytical teéhniques.

The comparisons of data presented in Tables 3, 5, 6 and 7 or by obser-

vation of the data in Figures 49 to 70 provides a general comparison at best.
The pretest predictions are presented in Reference 2. The remarkable similarity
of test data curve shapes from test-to-test and with pretest predictions

verify both the test and predictive techniques employed. i
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The recovery of both P-2 projectiles intact at the conclusion of testing
permitted these items to be returned to Sandia for disassembly and detailed

examination.
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